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ABRSTRACT

A short period arrival on records of the Bermuda-Columbia
Seismograph Station i3 identified as the T nhase. The path of pro-
nagation consists of land oaths up to 51° nreceeding 14° of water
path. It is shown that the travel time of this phase can be accounted
for if the energy travels as the P phase over the land path and the
T phase over the ocean path. Background noisss in the Sofar channel
do arise in some cases from earthquakes as much as several thousand
miles inland.
INTRODUCTION

The T phase is a short period phase which travels with the
velocity of sound in water. Its duration is from thirty seconds to
several minutes and its beginning and ending ars gradual. The maximum
amplitude is near the midpoint of the signal and the frequency of the
T phase is ? to 6 cps.

¥hile operating the Bermuda-Columbia Seismograph Station, the
author observed a short period phase with T characteristics which
correlated with sarthouskes in South America. Preliminary calculations
showed that the travel time could be accounted for bty using P travel
time from epicenter to thc north const of Puerto Rico and T phase
travel time from Puerto ®ico to Bermuda.

Tolstoy and Ewing (1950) studied the seismograms of the Fordham,
Feston, and Ottawa stations and showed that only the Atlantic earth-
quakes occurring north of the Dominican Republiic produced T phases.

They concluded that the Mid-Atlantic Ridge and Azores Plateau would
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stop or greatly reduce the amount of energy carried in n T phnse from
Azores shocks and that T phrsges from Mid-Atlantic Ridge shocks were
not observed tecnuse of the smell magnitude of the shocks, the oceen
tottom topography near the epicenters, and the lorge angle of incidence
rt the continentsl shelf in their n-th to the stotion., The T »hrse
~t Martininue from earthrunkes in Costs Rica wns studied Yy Couvlom?
and Molsrd (1952). These T nhase pnths contein land segments =»3th
water on either side sand it wns concluded that continentel propagation
of T waves on the perinhery of the Carridbean did not 2pprear nossibhle
es P waves hut dié srpenr nossible o= & waves. Feing, Press, and
Feorzel (195?2) examined T nhnses from Pacific earthaunkes for which
the toth vwas as nearly ss nossithle oceanic and concluded that the T
phese 15 nropagated as comoressionsl weves in water, Wodeati gnd
Inouye (198Z) investigmted the T phases of Pacific ecrthquakes and
suggested that the T wave is generated at the ocean bottom near the
epicenter by SV and P waves and confirmed the opinion of Ewing, Press
end Yorzel (1952) that the existerce of the steep slope of the sea
bottom plays an lmportent part in the entrance into the water,

In the present psper results are presented from sn Investigation

o
a

arthauakes of magnitude greater thon €4 occurring in southern Wexico,

[o1]

Centrsl America end South America since the installation of PRenioff

short period seismoprsvhs on Permuds in 1951. Selected Beniof{ short

period ve-tical records from the San Juan station were mlso used in

the investigation. 'The results show that significent amounts of energy
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can be provaguted over n path consisting of land from epicenter to
the north side of Puerto Rico and water from Puerto Rico to Bermuda.
A1l evicenter and time datc used in the study ceme from the
c-rds of Preliminary Determinationm of Fplcenter issued by the U. S.
Coast and Geodetic Survey, mand the travel times of P were obttnined
from Seismological Tables of Jeffreys and Bullen (1248}, The T nhases
were identified at Permudr on the records of Penisff short period
seismogrsms recording on ¥5mm film and on the Sofar geoohone recording
on ohotograchic pnper. The latter instrument hns a peak resgponse to
waves with frequency of 8 -~ 12 cons.
DISCUSSION
All earthjuskes studied are listed in Table I rhich gives
a, magnitude, and distance from Bermuda. Throughout
the discussion the different earthjunkes will be referred to by num-~
ber. Table Il is a summery of travel time data or earthquakes which
produced a T phase at Bermuda. The precise ocean path to Rermuda is
somewhst uncertain for the earthnuakes in Table IX¥, The paths for
all thess tremors, as seen in Figure I, intersect the steep submorine
slove near the Puertc RWico Trough, and only small errors are introduced

hr taking 140 ng the wmméer nath., The travel tims “or this 14° of water

]

wns teken as 17m 2%s which corresponds to a velocity of 4900 ft/sec.
Table II shows which instruments recorded the T phases and the

difference i.1 observed and calculated travel times. The largest dif-

ferences are those “or earthqunkea 14 and ??. Thesa two are the smallest

of the T phases identified at Rermuda, 14 being the smeallest seen on
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both geophone and 3eismogranh and 22 being identified only on the
more sensitive geonhone. Even these differences are reasonable in
view of the 14° appruximation of water path since a smell error in
woter nath of 12 would make the calculnted total travel time differ
by amounts comparable to the difference in observed and calculated
times. The oossibility of attributing the T phnses ta other coincidental
tremors is slight since for the six earthaunkes in Toble II either
the San Juan records or the Joint Pulletin of Atlantlc stations has
been examined nnd San Juan indicates no other nossible source of the
shase,

The nossibility must be noted that some of the earthaunkes cf
Table I could generate n T phase not detected at Rermuda. A smell T
phase would be detected only on the more sensitive vata2r instrument
and the banks near Rermuda shelter this instrument from arrivals from
the more Yestward direction. There is an sdditional obstacle in the
nossibility of a T phase being genersted by the more westward earthouckes
of T-ble I. Figure II shows a N-5 cross-section from Puerto Rico into
the ocean. The cunditions here are very good for the ™ ghasse to enter
the water as the T phase. However, moving westrard the condition Yecones
Increasingly poor. A glance at a bathymetric chart of the vwest Indian -
region shows thnt there are no submarine slopes comparatle to that near =
Puerto ®Pico and much of the slope thnt does exist is sheltered by islands
and banks so thot there is no good water path to Bermuda.

It is unfortunate that the esrthnunkes anitable for this dis-

cussion produce P nhases 3t San Juan of =uch maenitude and frecuency
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that the records are difficult to reoroduce. However, close examine-
tion of Wigures IIT nnd IV shows that for esrthiurkes 9 and 17 the P
nhase as seen at San Juan 1] very nearly the some frequency as the 7T
phese at Bermuda, ard Fisures V - A and V - B show that the San Juan

P phase of earthquakes 16 and 18 which did not mnke T phases are of
much lower frequency than the P phese of either 9 or 17. Tt is rlso
intéresting to note by comparing Figures IIT - A and IIT - R to Figure
VI that the San Juan P phase of the earthyuakes of Table II are very
similar to the P phase of the local earthijunke 24, which gave a T phase
et Permuda. Figure VII of a San Juan P phase from earthquake 17 gives
an indication of the magnitude of P necessary at San Juan to give T st
Bermuda. The P phese for this earthquake shows o frejuency nsar that
cf n T phase nt Bermuda, but the amplitude is small compared to the

® phases 29f earthquokes which actually gove T at Rermuda. By compsring
earthaunkes 1%, 17 and 21, it can be seen that - deep focus earth-
auake seems to be a hetter generator o this T ohese, These three

tremors are very close to the same distance from Rermuda at very nearly

- the same nzimuth, Their m~gnitudes di“fer somevhnt, hut 21 is perhaps

the =m~1lest since the U. 5. Coast and fGeodetic Survey sives no mammi-
*udeé number, nnd yet 1%, the only shnllow earthrunke of the three, is
the only one not to give o T phnge at Bermuda, It is also noticeable
that the two shallor focus earthquakes € Table IT are the anes -~ith
the largest difference in otserved and calcul-ted trovel time.

Certainly the magnitude of the earthjucke is of imnortance also

in determining whether or not a T phase will Ye gener-ted, snd there



must e ocean bottom tonogranhy at some moint in the nnth suitnble
for T to enter the water., The actual esntrence into the water csn be
exnlrined by the irrival of the P wrve at the sulmerine slope as Aes-
cribed ty ®adnti and Trouye (195%) although in gur crae the slone is
Asctrnt fram the enfcenter Yty meny times the denth of Tocus.

This invesiigntion Yenrs on the rcontroversy concerning the
moce 5f nronagation of the T phase Yetweoen the ocesn and an inland
si~tisn such 23 Ottova, Since the nnth from the vicinity of Nttova
tc Permuda 1s much the soame ns the nath of the enrthiunkes o€ Tatle II,
anrithainkes In the vicinity of Qttawn were studied =hen Permuds records
~e“e.rvsilﬂt1e. The peth ts Bermudn o earthaunke P5 consiste of ebout
g% land ond 89 water so that one would expect T about 22h 16m O0s.
Fernudn recorded €T 2t £2h 17m 71s n~nd Tm~x at P2h 18%m P4s. In comparison
to Tatle fI thic is 2 vrather lorge difference in observed and calculeted
trovel time but the same nossible errors sre osresent. The data of earth-
gunke PS5 sugpests thnt the conditions necesrnery for the T phase tu go
from lond to vater may te much the <ame £r needed to go from water to
land,
CONCLUSIONS

The following c-nelusioms cre renched in thi: study of T pheses
rerernted ty inland e-~rthrunkes,

1. The enerpgy *rrvels ~c P tefgve enterine the weter, The 8

ohnse i1s not an effective cenerntor of T at the Pueriog Piro
Seora,
?. A deep ‘ocus encrthrunke is npprrently o tetter genevrntor

of this T nhase.
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6.

Roth magnitude and fratuency of the P phase are critical
in determining whether 1t will generate a T phase upon
its arrivel at g steep submarine slore.

A T ohase will be genernted by the arrival of a P phase
at a steep sutmarine slope if the > phase contains energy
within the choracteristic frequency range of the T phase,
and this T phnse can be detected at distant stations if
there are no otstacles in the path between the sutmerine
slope and the ststion,

The P-T transmission could heve been predicted by considers-
tions of resciprocity from errlier observetion at inlsnd
stations,

Earlier work (Ewing, Press snd Worzel - 195?) demonstrated
the contribution to the teckground ;oise in the Sofsr
channel of earthgunkes in or on the nerinhery of & given
oceann tssin, Tt is now seen thnt distant earthnunkes

aiso cen contribute,
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TABLE 1
L Eplcenter
Quake Time at Location o km o
No. Date Origin Lat.° Long. Magnitude Depth in
1 & Dec 51 14-79-18 SIN 77w ?9°
? 12 Dec 51 01-%7-%4 17N 94w 7 100 %00
5 28 Dec 51 09-20-25 178 983w 7n o7t X80
4 % Jan S? 10-05-0% 16N 99W 6% 550
5 15 Jan 52 07-00-53 4s 81w 59°
6 14 Feb 52 21-01-%7 AN 76w 6 5/ o790
7 26 Feb 52 11-31-04 143s 70w 73 300 47°
8 2 Apr 5P 18-%4-50 163N 993k 6t - 6} 34°
9 19 Apr 52 09-58-5% ™ 7w 6 3/4 -7 60 26°
10 25 Apr 52 06-02-00 BN 83w 6k - 6} 29°
11 15 May 52 19-21-45 103N 8sW 6.9 100 290
12 16 May 52 20-45-40 63 "W 6.2 - 5% 290
1% 24 May 5? 01-59-05 21is 7w 6 X/4 55°
14 11 June 52  00-%1-%? 52S 67iw 7 65°
15 9 July 5° 18-15-18 7N 8ow 23 290
2 o
16 9 Sept 5?2 12-54-42 9N 84lw 6 3/4 -7 20
17 ?1 Sept 5? 07-%0-X0 o21s 65Y 7 250 54°
1e ¥ Oct 57 07-26-45 GIN 87w 1) z0°
19 20 Nov 52 15-%7-17 12N 88w 6% pPas
6 2/4 - 7 Berk 60 290
20 29 por 5? 19-42-25 Central Chile 6 Pas £8°
Northern Chile-
21 9 Mar 5?2 21-54-30 Argentina barder 200 559
region a
20 21 Mar 5?2 00-50-40 85  T9AR 41"
23 20 Aug 52 08-31-05 off N¥ coast of
~ “ertc Rico 102 gEo
24 Z Oct 57 12-724-42 Off South coast 159
of Puerto Rico
25 14 Get 52 20-0%-41 Southesstarn Quabec
48N TOW 18
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Figure V
A osan Juan P Phase of Earthyucke 14

B San Juan P Phase of Earthjuake 18
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Pigure VI

San Jurt P Phase of Earthquake 74

L



—w—wT T W T TR T YT W T WY e g

' ‘IWM'.’ .\"\'ﬂ *'\'W'i'\" Val ";\

——emy

Figure VII

San Juan P Phase of Earthquake 13
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